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Review ofAnimal/In Vitro Data on Biological
Effects of Man-made Fibers
Sophie Achard Ellouk and Marie-Claude Jaurand
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This paper reviews the investigations with man-made fibers (MMF). Insulation wools: glasswool (GW), rockwool (RW), slagwool (SW), glass mi-
crofibers (GMF), glass filaments (GFiI), and refractory ceramic fibers (RCF) have been used in experimental animals and in in vitro cell systems. A
large heterogeneous number of fibers, methods of fiber preparation, size selection, aerosolization, fiber size, and fiber burden measurement were
noted, rendering difficult a comparison between results. By inhalation, RCF and asbestos used as positive controls produced a significant tumor in-
crease. In some studies, a low tumor yield was found after inhalation of insulation wools; when all inhalation data were gathered, a significant tumor
increase was found with GW. However, it is difficult to draw definitive conclusions on the potential of other fiber types because, in addition to the
different compositions of the fibers, differences in fiber number and sizes existed, especially in comparison with asbestos. Moreover, experiments
using inoculation, especially by the intraperitoneal route revealed a carcinogenic potential of all fibers types but GFiI and SW. In these two groups a
small number of animals has been investigated and the fiber characteristics were sometimes irrelevant. So far, a relationship between the carcino-
genic potency and fiber dimensions has been established. Other fiber parameters may be of importance (surface chemistry, biopersistence, fiber
structure, for example) but further investigations are necessary to determine the correlations between these parameters and tumor incidence. In
vitro experiments have emphasized the fiber characteristics identified in vivo as playing a role in the carcinogenic potency and should be developed
as a better approach of the mechanistic effects of MMF. - Environ Health Perspect 102(Suppl 2:47-63 (1994).
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Introduction
Man-made fibers (MMF) are a large group
of fibers that include several subgroups. A
number of classifications have been pro-
posed based on the nature ofthe raw mater-
ial used to make the fibers, preparation
method, crystallinity and chemistry (1--j.
According to Head and Wagg (1), MMF
can be divided into four groups: insulation
wools, continuous filaments, refractory
fibers, and special purpose fibers. Insulation
wools include glasswool (GW), slagwool
(SW), and rockwool (RW). Within each
group, crystallinity and chemistry may
change and the range of fiber diameter de-
creases in the four groups according to the
order listed above, special purpose fibers
being the thinnest.
For about 15 years MMF have been
subjected to in vivo and in vitro tests to de-
termine whether the fibers are carcinogenic
or fibrogenic and whether they have some
carcinogenic or fibrogenic potential. in vivo
experiments have been mainly carried out
with rats but also, to a lesser extent, with
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other rodents (hamsters, mice, guinea pigs).
The effects have also been observed in mon-
keys. In vitro experiments mainly dealt with
cytotoxicity assays performed on different
cell types but some transformation experi-
ments have been also carried out. The in
vivo toxicity of MMF has been studied
using several routes offiber administration:
inhalation, intratracheal instillation, and in-
oculation, either intrapleural or intraperi-
toneal. Since a report by the International
Agency for Research on Cancer (4), the in
vivo toxicity of MMF has been recently
summarized (5-8) in terms of human and
animal exposure. So far, the risk for lung fi-
brosis seems low or negligible in humans.
However, some animal experiments have
indicated a fibrogenic and carcinogenic po-
tential while other have not. The present
paper compares the experimental condi-
tions in the various studies to determine
whether the differences can be explained on
the basis of the fiber parameters suspected
or demonstrated as causing adverse effects
or whether other reasons are implicated.
Moreover, we will evaluate the relevance of
the in vitrodata to studying MMF toxicity.
Animal Experiments with
InsulationWools
Experiments with Glasswool
This section reviews the experiments
with GW or with other insulation glass
fibers (GF) if no additional information
on the glasswool was mentioned in the
paper reviewed.
Inhalation andIntratracheal Instillation
Studies. The effects of GW have been tested
by inhalation on three rodent species: rat,
hamster, and guinea pig (9-18). The results
reported by Drew et al. (14) are not in-
cluded here because the animals in that
study were exposed for 10 weeks and sacri-
fice'd within 2 months after exposure,
which did not permit the study of fibrosis
and cancer. Similarly, the pulmonary reac-
tions described in the preliminary report of
Gross et al. (10) seem limited to a 12-
month exposure with rats and only data
with hamsters can been taken into consid-
eration. Moreover, the study by Moorman
et al. (17) should be interpreted with cau-
tion because it lacks information on sur-
vival times.
The summary of available characteris-
tics offibers used in inhalation experiments
with rodents is reported in Table 1. In
hamsters none of the three studies
(10,11,16) showed tumor production after
inhalation; however, tumors also were not
found in positive control hamsters exposed
to either 300 mg/m3 amosite (7 hamsters)
or 7 mg/m3 crocidolite (70 hamsters)
(Table 2). Only one study has been per-
formed with guinea pig (11); few animals
were exposed, two adenomas were detected
in eight GF-exposed guinea pigs while no
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Table 1.Summary ofavailable characteristics offibers used in inhalation experiments with rodents.
Fiber Methods Dose Fiberdimension
designation FP/AG/ES F/ml mg/mi3 NF
Ball milled/-/chamber
Milling/Timbrell
Mark Il/chamber
GF Ball milled/-/chamber
FG insulation OC Ring mill
FG insulation OC Grinder/-/chamber
Series airfilter media
Insulsafe II, blowing No milling/
Bldg insul with phenol Timbrell/nose only
Owens Corning high temperature
English GW+ resin Milling/-/chamber
MMVF 10
Manville 901
MMVF 11
Certain Teed B
RWSaint Gobain
RWSweden
SWJVSpinner
JM 100
104/475, tempstran
104/475, tempstran
104/475, Denver
JM 100
JM 100
Al silicate glass
Kaolin
High purity
Zirconia
After service
PKT
Titanate, Fybex
Saffil
Fibrefax carborundum
Sized
Nose only
Sized
Nose only
Milling/Timbrell
Mark Il/chamber
Milling/-/chamber
No milling/Timbrell/
Nose only
Milling/Timbrell
Mark l/chamber
Ring mill grinder/-.
/chamber
Knife mill/Spurny
Vibrating bed/nose only
No milling/Timbrell/
nose only
Milling/-/chamber
Steel rollers/
Timbrell/chamber
-/-/nose only
Ball milled/-/chamber
ND
94(70)e
135
21l(5)e
4.2 mg/im3
6,540 -
13.9 0.4 mg/m3
13.9 0.4 mg/m3
14.9 0.4 mg/m3
100 10 600 p/mI
100 12 3,800 p/ml
25 9 775 p/ml
255 -
350
287 29 -
273 29
41 28
240
200
14,023
10 5,600p/ml
10
4.8 0.1 mg/m3
5.0 0.1 mg/m3
576
3,000
1,436
95
191
224
172
166
6,530
Ball milled/-/chamber 6,530-101,500
Ball milled/
Timbrell/chamber
No milling/Timbrell/
nose only
3 12,000 p/ml
lod 380 p/ml
29
29
29
30
73
73-371
3
200 12 6,600 p/ml
Length, pm
average 10
58% >10d 89% >5d
34% >1o0,e 68% >5de
11.2% >5d
>20
>20
>10
CML37c; 99% >5
CML31 +33c.; 94% >5
CML 114 9c 100% >5
52% [5/11Cf
47% [5/1J1
GML 13.1
Range: 2.0-95.4
GML 13.7
Range: 0.8-98.2
60% >10; 87% >5d
63% >10
CML40±63c
95%>5C
52% >10d
>10
<10
50% [4.8/0.42]c
19% >10
29% >10
30% >10
26 ± 20C
18± 15
28 ±20
11 ±9
5.5% >101 4.2"'
6.7atc
8.6% >10
15.5'
CML=35 ± 34C
83% >10
Diameter, pm Reference
average0.5
1.2a,c
>3.5
<3.5
<3.5
3.1a,c; 46% <1
5.4ac; 46% <1
6.1a,c; 20% <1
0.87% [10/0.2]
0.38% [10/0.2]
GMD 1.26
Range: 0.07-4.8
GMD 0.69
Range: 0.09-5.09
23%<11
2.7a~c
61%<lc
43% <0.1
<3.5
<3.5
0.45
45% [5/1]
1.1 ± 0.69
1.0 ± 0.72
0.86 ± 0.68
1.39 ± 0.75
0.2a8c
0.2c
2.75b
1.8a~c
(10)
(12,15)
(11)
(17)
(16)
(13)
(18)
(18)
(12 15)
(13)
(16)
(12 15)
(17)
(29)
(16)
(135
(38)
(39,40)
(39,40)
(39,40)
(39,40)
(11)
(11)
(41)
(16)
Environmental Health Perspectives
MMFG
GWSaint Gobain
Abbreviations: FP/AG/ES, fiber preparation/aerosol generator/exposure system; NF, nonfibrous; CML, count mean length; GML, geometric mean length; CMD, count mean diameter;
geometric mean diameter; MMFG, man-made fiberglass; GW, glasswool, GF, glass fibers; FG. fibrous glass; OC, Owens Corning; MMVF, man-made vitreous fibers; PKT, pigmen-
tary potassium titanate. aMean. bMedian. cScanning electron microscopy measurement. dOptical microscopy measurement. e Respirable fibers. f[L/0] fiber dimensions see foot-
note b.
.r
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tumors were found in unexposed controls
or in amosite-exposed animals. The num-
ber ofanimals studied in this experiment is
too small to draw conclusions.
Few or no tumors were found in rats
(Table 2); however, in all studies com-
bined, a total of 1290 rats were exposed; 29
developed tumors. When all groups from
all of the experiments were combined the
difference was significant (p<0.03) in com-
parison to air or unmanipulated control
animals (X2 test). A highly significant in-
crease in the number of tumors was ob-
tained with the positive asbestos controls
(p<0.0001) (Table 3). The use of com-
bined data from the different studies allows
one to emphasize statistical differences be-
cause of the greater number of animals in
the analysis. However, because the weight
of each study depends on the number of
animals included in it, general conclusions
on the response to a given fiber type should
be made with caution. However, the con-
clusions seem sound because low or
medium numbers of tumors (i.e., 3 to 12)
were found in all ofthe studies.
A summary of the inhalation experi-
ments with rats where data on the cumula-
tive dose offibers were available is reported
on Table 2. The number of fibers present
in the GW aerosol was lower than that of
asbestos fibers. Experiments using GW and
GF have been performed with doses of9 to
30 mg/in3, except in the experiment by
Gross et al. (10) in which doses up to 135
mg/m3 were reported (Table 1). In this lat-
ter paper, however, the lack ofinformation
on the number of fibers per unit weight
and the absence ofpositive controls make it
difficult to conclude whether the absence
ofeffect is related to an absence ofcarcino-
genic potential of the fibers or to some
other parameters (fibers of nonrespirable
size for instance).
The diameter of any fiber type used in
inhalation experiments is very important
because fibers thicker than 1.0 pm have a
poor chance of being deposited in the ro-
dent respiratory airways. In a number of
inhalation experiments, the diameter of
some or all ofthe fibers in the sample was
too large to permit them to be deposited in
the rat lung. In several experiments the di-
ameter was greater than 1.0 pm; Smith et
al. (16) indicated that the count mean di-
ameter (CMD) was 1.4, 1.4, and 3 pm for
Insulsafe II, building insulation and Owens
Corning fibers, respectively, with a mean of
3.1, 5.4, and 6.1, respectively, and a per-
centage of less than 50%<1 pm (Table 1).
It is likely that under such circumstances,
the probability that a part ofthe fiber sam-
ple would be deposited in the rodent lung
was low. However, Lee et al. (11) who used
fibers oflower mean diameter, 1.2 pm, ob-
served two adenomas. Comparison ofstud-
ies reported by Lee et al. (11), Hesterberg
et al. (18), and Smith et al. (16) show that
not only fiber dimensions but also the ex-
posure doses were different (Table 2). The
concentration in Lee et al. (11) was more
than 60 times that in Smith et al. (16);
moreover, the cumulative dose at the end
of the exposure time was higher in the ex-
periment by Lee et al.: 35.3 x 105 fibers
against 3.12 to 0.78 x 105 fibers in the ex-
periment by Smith et al. Aerosol fiber con-
centrations were only twice in the
experiment by Hesterberg et al. (18) but
the fiber diameter was considerably thin-
ner. A larger number of respirable fibers
might account for the occurrence of some
tumors in the Lee and Hesterberg experi-
ments (11,18); however, the tumor yield
was so low that only suggestions can be
made. Comparison ofstudies with MMF is
also very difficult because of the various
methods used for fiber preparation and dif-
ferences in aerosol generation and exposure
systems. A summary of these procedures is
given in Table 1. The results obtained with
monkeys (17) are difficult to interpret in
terms offibrogenic and carcinogenic poten-
tial because of the short duration of expo-
sure; the investigation lasted only 18
months.
Some tissue disorders other than fibrosis
or respiratory cancer have been reported.
Moorman et al. (17) did not observe lung
tumors but did find a significant rate of
mononuclear cell leukemia in rats exposed
to GF. This disease was not found in unex-
posed rats. However, contradictory results
were obtained by Drew et al. (14), who
observed an unspecific monocytic leukemia
in rats after chronic exposure to GF. In the
preliminary report by Gross et al. (10),
heavily collagenized stroma was observed
after a 12-month exposure.
Intratracheal instillations with GW or
GF have been carried out in two experi-
ments using a total of83 hamsters (10,19).
A third report was not taken into consider-
ation because of the high rate of deaths at
12 months (9). One lung carcinoma out of
20 hamsters inoculated with 10 mg (5 in-
oculations of 2 mg each) GF with a mean
diameter of 0.65 pm (0% <0.2 pm) was
detected in one experiment (19). No posi-
tive controls were tested; no tumors were
observed in 20 untreated controls. In rats,
seven tumors were observed among 322
rats inoculated with 5 to 35 mg GF
(10,14). The instillation method consisted
of 1 to 10 inoculations. The tumor yield in
GW-treated rats (2.1%) was not signifi-
cantly different from that ofsaline controls
(6/171=3.5%). Positive controls were
tested only in one experiment (14), in
which one adenocarcinoma was found out
of46 rats treated with crocidolite. The dif-
ferences were not significant (Table 3).
Intraserosal Inoculation Studies. By in-
trapleural implantation Stanton et al.
(20,21) have defined fiber characteristics
related to the carcinogenic potency.
According to these authors the higher
probability oftumor formation was associ-
ated with fibers >8 pm long and <0.25 pm
in diameter and longer than 4 pm and
thinner than 1.5 pm. Two other studies
have been carried out using a total of 83
rats (Table 2) (13,22). Only one mesothe-
lioma was found in one study (13) against
six mesotheliomas obtained with chrysotile
in this study (12.5%). The dimensions of
the fibers were as stated; the total number
offibers inoculated was 196 x 108 with as-
bestos and 5.1 x 108 and 9.8 x 108 with
GW, with and without binder; the number
of fibers longer than 5 pm was 196 x 108
for asbestos and 2.2 and 4.2 x 108 for GW.
Therefore, both the total number and
number of "long" fibers inoculated were
higher with asbestos than with GW. When
the two studies reported by Wagner et al.
(13,22) are gathered, a total of 116 rats
were inoculated with chrysotile; 43%
showed mesothelioma, p<0.001 (Tables 2
and 3).
In contrast with intrapleural inocula-
tion, intraperitoneal inoculation resulted in
a high rate of tumors (23). All three GF
types tested produced carcinoma, mesothe-
lioma, or sarcoma (Table 2). A total of366
rats were treated with different doses and
159 rats exhibited tumors (43.4%) in a
dose-dependent manner. Similarly, 45.7%
ofthe rats treated with asbestos (chrysotile
or crocidolite) formed tumors. In these ex-
periments, 72 controls, either saline-treated
or untreated, have been used; no tumors
were found (Table 3). Considering only
data obtained with rats, based on inocula-
tion studies performed with several sam-
ples, one can conclude to a tumorigenic
response with GW depending on the fiber
dimensions,
SlagwoolExperiments
Inhalation Studies in Rodents. The effects
of SW have been studied by inhalation
with two rodent species, hamsters, and rats.
No tumor was observed in 69 hamsters and
crocidolite used as positive control was not
tumorigenic (0/70) (16) (Tables 3 and 4).
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Table2. Experiments with glasswool and other glassfibers in hamsters and rats
Route of exposure (species) Control GWorGF Asbestos Reference
Inhalation (hamsters)
Tumorsa(%)
Inhalation (rats)
Tumorsa (%)
Dose, F/ml
Cumulative dose x 10-5
Tumorsa (%)
Dose, F/ml
Cumulative dose x 10-5
Tumorsa (%(
Dose, F/ml
Cumulative dose x 10-5
Tumors8 (%)
Dose, F/ml
Cumulative dose x 10
Tumorsa (%)
Dose, F/ml
Tumors8 (%)
Dose, F/ml
Intratracheal (hamsters)
Tumors8 (%)
Intratracheal (rats)
Tumorsa (%)
Intrapleural (rats)
Tumorsa (%)
Intraperitoneal (rats,f)
Tumorsa(%)
Dose
Tumorsa (%)
Dose
Tumorsa(%)
Dose
Tumors8 (%)
Dose
Tumorsa (%)
Dose
Tumors8(%)
Dose
Tumors'(%)
Dose
GW
0/257(0) 1/17(0.6)
0/19(0)
0/48(0)
GFC
2Ad/19 (10)
6,540
35.3
GW+bd
1 AdCa (2)
255
4.6
0/47(0)
0/184(0)
0/100(0)
4/123, (3)
0/40(0)
6/171 (3.5)
0/24(0)
Saline
0(0)
4x2ml
0(0)
4x2ml
0(0)
4x2ml
0(0)
4x2ml
0(0)
4x2ml
0(0)
4x2ml
0(0)
4x2ml
Ins.lb
0(0)
100
3.12
GWb,d
lAd (2)
350
6.4
1 Ca/45(2)
94
2.4
B.lnsb
0(0)
100
3.12
0/100 0/100
13.9 14.9
MMVF10
6Ad, 1 Ca(6)
287
1/83(1.5)
Amosite orcrocidolitee
o077(0)
Amositec
2Ad, 1 Ca/16(19)
13,250
72
Chrysotileb
1 Ad, 11 AdCa/48 (25)
3,832
69.7
Chrysotile
9/45/(20)
167,938
4,400
Crocidoliteb
2+1 M/60 (5)
3000
94
Ownb
0(0)
25
0.78
(0)
MMVF11
3 Ad(2)
273
7/339(2.1)
GW
1/83(1.2)
GF S +S106
1M/34(2.9)
2 mg
2M, 3S/36/(11.1)
10mg
20M,3S/32/(71.9)
4x25 =75 mg
GF M+N104
17M, 3S/73/(27.4)
2 mg
36M, 4Ca, 1S/77, (53.2)
10mg
47M,8s/77, (71.4)
2 x 25 = 50 mg
GFM+N1 12
12M, 1Ca, 1S/37 (37.8)
20 mg
Chrysotile
7Ad, 6 Ca, 1 M/69(20)
102000
lAdCa/46(2.2)
Chrysotile
50/116(43.1)
Chrysotile
4M, 2S/37
2 mg
16M, 2S/33
4x 25 = 75mg
Environmental Health Perspectives
(10,14,17)
(11)
(11)
(11)
(13)
(15)
(1)
P1)
(15)
(10,19)
(10,14)
(13,221
(23)
(23)
(23)
(23)
(23)
(23)
Abbreviations: Ad, adenoma;AdCa,adenocarcinoma; Ca,carcinoma; M, mesothelioma; S, sarcoma. aNumberofanimalswithtumors/total numberofanimals. bSize determined by
electron microscopy. cSizedetermined byoptical microscopy.d+, binder; -binder. eAmosite: 300 mg/m3, 7 hamsters and crocidolite: 7 mg/m3, 70 hamsters.fOnly results obtained with
thehighestdose are indicated inthetable.
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Only one study has been reported with
rats in which no tumorigenic effect was
found (Table 4) (16). The SWsample was
composed of fibers with a mean diameter
of 2.7 using a scanning electron micro-
scope (SEM) and contained a great number
of nonfibrous (NF) particles (NF/F = 28)
(Table 1). Three tumors, including one
mesothelioma, were observed with crocido-
lite but no tumors were detected in 184
control rats (59 air control and 125 unma-
nipulated controls) (Table 3). The cumula-
tive dose, as indicated by the number of
airborne fibers, was different 6.2 x 105
with SW, against 94 x 105 with crocidolite
(200 F/ml and 3000 F/ml, respectively).
Thus, the number of asbestos fibers to
which animals were exposed was greater
than the number ofMMF, and conversely,
the fiber diameter was generally smaller
than that ofMMF.
Intraserosal Inoculation Studies No tu-
mors were found following intrapleural in-
oculation of 20 mg of SW, while
mesothelioma occurred for an equivalent
weight of chrysotile (13) (Table 4). The
number of fibers inoculated was greater
with chrysotile than with SW, as was the
number of fibers longer than 5 pm. The
dose of SW inoculated was 0.02 X108
[10/0.2]* and 0.36 x 108 [5/1] for fibers
with binder and 0 [10/0.2] and 0.52 x 108
[5/1] for fibers without binder. The num-
ber of chrysotile fibers inoculated was
greater than that ofSW, as was the number
offibers >5 pm long (196 X 108 against 1.2
x 108); there is no mention ofthe diameter
but it is very likely that all chrysotile fibers
have a diameter smaller than 1.0 pm.
However, neither SW nor chrysotile pro-
duced a significant increase in tumor for-
mation (Table 3).
By intraperitoneal inoculation, in spite
ofstudies showing a response of 10 tumors
in 136 animals inoculated (7.3%), the in-
crease is not significant compared to con-
trol animals, in which no tumors were
detected (24,25) (Tables 3 and 4). Since
these papers present no data on fiber size,
comparison with positive controls is not
possible.
In summary, SW fibers did not produce
significant tumor increase. Some mesothe-
liomas and sarcomas were observed, only
after intraperitoneal inoculation. From the
experiments reported here, it is, however,
difficult to safely conclude an absence of
carcinogenic potential because asbestos did
not produce tumors except following in-
traperitoneal inoculation.
RockwoolExperiments
Inhalation and Intratracheal Instillation
Studies with Rodents. Inhalation ofRW re-
sults in a low tumor yield (Table 5) since
only two tumors were found in a total 95
rats (2.1%); this enhancement was not sig-
nificant in comparison with untreated con-
trols, in which no tumors were found in 95
rats. Eleven tumors (11.5%) were observed
in positive controls (p<0.001; Tables 3,5)
(12,13,15). As noted above for the other
fiber types, fiber number was lower with
RW than with chrysotile. In the study by
Le Bouffant et al. (12,15), size was deter-
mined by optical microscopy. The cumula-
tive dose ofchrysotile fibers was about 300
times more than that of RW, suggesting a
larger number of "respirable" chrysotile
fibers. It is likely that greater differences in
fiber number existed and would have been
found using transmission electronic mea-
surements. Therefore, the number of res-
pirable fibers may account for the higher
tumor yield with asbestos than with the
RW samples. Differences in cumulative
number of respirable fibers in the experi-
ment reported by Wagner et al. (13) was
less, ratio of about 1:20; since size was
measured by SEM, it is likely that it is a
better representation of the difference in
the number of "respirable" fibers than
when optical measurement would be.
Hamsters were inoculated with RW
fibers (19) using a repetitive procedure of
five inoculations of 2 mg each. No signifi-
cant rate oftumors was produced (Table 3)
but the number of animals was low (20
hamsters).
Intraserosal Inoculation Studies
Following intrapleural inoculation, closer
rates of mesothelioma were found in rats
treated with RW (5.2%) and in rats treated
with asbestos (12.5%) (13) (Tables 3 and
5). As with SW treatment, the number of
RW fibers inoculated was much lower than
that of asbestos (either total number of
fibers or fibers longer than 5 pm).
However, the increase of tumors was not
significant for either RW or asbestos (Table
3).
Intraperitoneal inoculation resulted in
significant production of tumors both fol-
lowing injection of RW or asbestos (Table
5). Of the 349 rats inoculated with differ-
ent RW fibers, a total of 125 formed tu-
mors (35.8%, p<0.001 treated/untreated)
(24-27). With asbestos the percentage of
rats with tumors was 51.8% (Table 3)
(p<O.OOl).
In summary, the effects of RW fibers
have been tested mainly in rats. Significant
tumor enhancement was found after in-
traperitoneal inoculation. Although some
tumors were reported after inhalation or
intrapleural inoculation, the rate was not
statistically significant. As discussed above
for the other MMF, it is difficult to give a
clear-cut interpretation of the results be-
cause of the different doses of exposure
when compared to asbestos and because of
the small number of animals tested by in-
tratracheal instillation and intrapleural in-
oculation.
AnimalExperimentswith Glass
Microfibers
Many studies have investigated the effect of
glass microfibers (GMF); all routes ofexpo-
sure have been used: inhalation, intratra-
cheal instillation, and intrapleural or
intraperitoneal inoculation.
Inhalation and Intratracheal Instil-
lation Studies Seven papers have reported
the results of six inhalation experiments
carried out in rodents (12,13,15-17,28,29).
No significant increase of tumor rate has
been found in rats (Table 3); the six studies
have investigated a total of515 rats exposed
to GMF doses ranging from 14,023 F/ml
(12,15) to 576 F/ml (29) (Table 1). The
corresponding asbestos controls were
167,938 F/ml and 241 F/ml with chrysotile
or 2011 F/ml with crocidolite.
The cumulative dose, all fiber size con-
sidered, was 5.7 x 105 with GMF (one
tumor) and 20 x 105 with asbestos (one
tumor with crocidolite) (29); 360 x 105
GMF (no tumor) and 4400 x 105 in the
corresponding chrysotile control (nine tu-
mors) (12,15). It was impossible, due to
the lack ofstandardization ofmethods used
to measure fiber dimensions, to determine
if the percentage of tumor was dependent
on the cumulative number of fibers of a
size relevant to penetrate in the respiratory
airways. It is likely that the different tumor
rates observed with positive control fibers
are related to a higher cumulative dose or
to the fiber size, anrl alternatively, to the
methods ofpreparation, aerosolization, and
exposure. These differences might account
for the lack ofactivity ofcrocidolite in the
inhalation experiments involving hamsters
(Table 2) reported by Smith (16) in which
only 3% ofthe fibers had a length >10 pm;
those were 19% in the JM 100 sample
(Table 4).
In experiments using monkeys, Goldstein
et al. (30,31) exposed baboons up to 30
months, and Moorman (17) exposed Cy-
namologus for 18 months; these durations
Volume 102, Supplement 2, June 1994
*[xty] stands for fibers longer than x pm in length and
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Table3. Summaryof experimental data and statistical analyses.
Intratracheal Intrapleural Intraperitoneal
Fiber Inhalation instillation inoculation inoculation
0.03 2.1%
0.0001 2.2%
6/171
NS No data
NS
NS No data
0.001
NS 8.9%
0.001 27.4%
0/190
0.01 .0
0.001 8%
0/150
0.001 cf RCFa
0.001
No data
NS 1.5%
NS No data
0/40
NS No data
NS
0%
0/20
NS 25.4%
NS 8.9%
0/59
NS 0
NS 74.0%
0/169
0.001 cf RCF
NS
NS 1.2%
NS 43.1%
0/24
0
12.5%
0/24
5.2%
12.5%
0/24
0.001 10.7%
0.001 35.0%
0/56
NS 3.8%
0.04 43.9%
0/48
cf RCFa
3.3%
No data
3/488
NS No data
No data
NS No data
0.001
0.02
NS
0.001
No data
No data
No data
NS 43.4%
0.001 45.7%
o02
NS 4.2%
NS 48.3%
0/48
NS 35.8%
NS 51.8%
5/256
0.02 45.1%
0.001 52.0%
9/442
NS 26%
0.001 54.9%
2/291
cf RCFa
NS 6.4%
No data
2/45
No data
No data
No data
No data
19.4%
32.0%
0/170
No data
Abbreviations: GW, glasswool; GF, glass fibers; SW, slagwool; RW, rockwool; GMF, glass microfibers; RCF, refractory
ceramicfibers; GFil, glassfilaments; NS, notsignificant. aExcept Stanton etal. (201. bIncluding the RCC study. cNumber of
animals withtumors/number of sham oruntreated animals tested.
of exposure are probably too short; longer
exposures would have been required to de-
tect neoplasm in such animals.
Intratracheal instillations have been
made in hamsters (32,33) and in rats
(16,25). Both species produced significant
numbers of respiratory tumors while none
of the untreated animals exhibited tumors
(Tables 3 and 6). However, tumor en-
hancement was observed in a study with
rats in which the animals were treated with
20 x 0.5 mg (25) while no tumors resulted
from the same total dose administered under
a different schedule, 5 x 2 mg (16). Similarly,
hamsters treated once with 26 mg ofJM104
(32) did not develop tumors, while 27 and
35% tumors were obtained after instilla-
tion of 8 x 1 mg of JM104 (33). The
clumping offibers when high doses are in-
stillated might account for the different re-
suits. Alternatively, the differences may
stand in several parameters including the
total dose and the dose per instillation. For
this method if too many fibers are instil-
lated they form clump and not penetrate in
the lung or clump once deposited in the
lung. This often results in a granuloma for-
mation which effectively insulated the
fibers from further toxic responses. In addi-
tion, it is unknown whether repetitive trau-
matism may act as a enhancer of tumor
formation.
Intraserosal Inoculation Studies. Glass
microfibers have also been inoculated in
rats via intrapleural or intraperitoneal
routes (Table 3). Intrapleural inoculation
resulted in a significant increase of
mesotheliomas compared to saline controls
(p<0.02); the same result was also obtained
after inoculation with asbestos (p<0.001)
fibers. A significant enhancement oftumor
production was obtained (p<0.001) follow-
ing intraperitoneal inoculation with both
GMF and asbestos, compared to controls
(24,25). In the published papers, there is
no mention of the amount of fibers per
unit weight; thus, the cumulative dose can-
not be calculated and it is not possible
from these data to link the results to one or
the other ofthe fiber parameters. However,
Pott et al. (34) have proposed that the
probability oftumor formation was depen-
dent on fiber dimensions and fiber durabil-
ity.
To summarize, in vivo studies carried
out with GMF have demonstrated a car-
cinogenic potential using several routes of
exposure, except inhalation. By the in-
trapleural route the data are in agreement
with a carcinogenicity dependent on fiber
dimensions (20,21,35) and on other para-
meters (35,36). To explain data obtained
by intraperitoneal inoculation, Pott et al.
suggested that durability is another impor-
tant parameter (34,37). JM 100 and JM
104/475 have been used in inhalation stud-
ies; no tumors resulted in spite ofthe thin
diameter ofthe fiber which allowed deposi-
tion into the lung. The lung deposition of
JM fibers has been confirmed by studies of
lung burden (12,16); in each study, a
higher number ofJM 100 than asbestos,
used as positive control, has been detected
in spite of an equivalent or lower cumula-
tive dose exposure (Table 7). The results
may indicate that the retention of GMF is
greater than that of asbestos (either croci-
dolite or chrysotile) or that GMF might
generate more fibers after deposition be-
cause of fiber degradation. In contrast,
Muhle et al. (29) reported a lower reten-
tion ofJM 104/475 versus crocidolite re-
sulting from a lower exposure in terms of
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Rat
GWand GFab
Asbestos
Controls
SW
Asbestos
Controls
RW
Asbestos
Controls
GMF
Asbestos
Controls
RCFa
Asbestos
Controls
RCFab
Asbestos
Controls
GFil
Asbestos
Controls
Hamster
GFand GW
Asbestos
Controlsb
SW
Asbestos
Controls
RW
Controlsb
GMF
Asbestos
Controls
RCF
Asbestos
Controls
RCFb
Asbestos
Controls
2.2%
17.2%
4/521
0
5.0%
0/184
2.1%
11.5%
0/95
0.4
11.7%
3/537
3.5%
14.7%
0/299
9.6%
13.1%
2/424
No data
0
0
1/176
0
0
1/170
No data
0%
0%
2/170
3.5%
0%
1/191
16.7%
0%
1/293
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Table 4. Experiments with slagwool in hamsters and rats.
Route of exposure
(Animal species) Control SW Asbestos Reference
Inhalation (hamsters) Crocidolite
Tumorsa (%) 1/170(0.6) 0/69 (0) o7o(0)
Cumulative dose x 10- - 6.2 94 (16)
Inhalation (rats) Crocidolite
Tumorsa (%) 0/184(0) 0/55(0) 2 + 1M/60 (5)
Cumulative dose x 10- - 6.2 94 (16)
Intrapleural (rats) SW+C SW-c Chrysotile
Tumors )%) 0/24(0) 0/48(0) 0/48(0) 6M/48
Dose 0.5 ml 20 mg 20 mg 20 mg
Cumulative dose x 1 8
Total fibers - 3.6 6.5 196
Sized fibers [5/1]b - 0.36 0.52 nd (13)
Intraperitoneal (rats) Chrysotile
Tumorsa 0/48 2/41 6/99 2/96 9/44 26/44 35/44
(%) (0) (5) (6) (2) (21) (59) (80) (24,25)
Dose 2x2ml 5mg 40mg 40mg 0.4mg 2mg 10mg
ND, not determined. aNumber of animals with tumors/total number of animals. bNumber of fibers [L>pm/ 0<pm]. c+,
binder;-, binder.
total fibers and a greater retention of long
fibers as a result of a higher exposure to
longer fibers; the standard deviation study,
however, makes it difficult to be sure that
this assumption is accurate.
Animal Experiments with
Ceramic F~vr
Inhalation andIntratracheal
Instillation StudieswithRefractory
CeramicFibers
Inhalation studies with refractory ceramic
fibers (RCF) have been performed on rats
and hamsters. Differences existed between
the percentage of tumors observed in the
different studies (11,16,38-40). Overall, a
significant production of tumors was ob-
tained with rats (p<0.001) as well as with
hamsters (p<0.001) (Tables 3 and 7).
However, the percentages oftumor formation
in the different studies ranged between 0%
and 16%. Asbestos did not produce respira-
torytumors in hamsters.
Refractory ceramic fibers produced lung
tumors (1,16,38,40) and mesotheliomas
(40) in rats. The highest rates of respiratory
tumors were obtained in a series reported by
Hesterberg et al. (40). In hamsters, of41 tu-
mors, 40 were mesotheliomas (11,40); only
one adenoma has been reported, with the
highest dose ofFybex (371 mg/m3) (11). A
much lower incidence of mesotheliomas
was obtained by Lee (11) (7.7%) than by
Hesterberg et al. (40), who reported that
the rate reached 42%. Since the cumulative
dose in the former study (101,500 F/ml)
was even higher than the latter (215 F/ml),
the different results may be related to the
methods of aerosolization and exposure.
The significant overall response to RCF in
hamster is due to the study reported by
Hesterberg et al. (39) (Table 8).
In rats, RCF as well as asbestos induced
a significant increase of tumors, but the
tumor yield was higher in the study re-
ported by Hesteberg et al. (64/500) than in
the other experiments (9/256) (Table 8);
the difference between the two studies was
significant (p<0.001). However, when the
asbestos results were compared, no signifi-
cant difference was found in the two sets of
experiments (p>0.20). The lack of effect
observed in several studies may be due to
the irrelevant fiber diameter: median diam-
eters of2.75 and 3.7 pm (41), mean diam-
eter of 1.8 pm (16) by comparison with
0.86 to 1.39 pm in the studies reported by
Hesterberg et al. (39,40) and finally to a
lower dose of exposure in terms of fibers
available for lung deposition. The study by
Lee et al. (11) with thin fiber (0.2 pm dia-
meter) showed a dose-response except with
the highest dose where overload effect may
have modified the survival time since rats
showed a dose-related mortality. No data
are given on the mean diameter of the
fibers in the experiment by Davis et al.
(38) but 45% were less than 1 pm in diam-
eter and more than 5 pm in length; that
may account for the small tumor yield
(8.3%).
Intratracheal instillation of RCF was
made in two studies (16,19). No tumors
were detected in 42 hamsters or in 22 rats
while 74% of hamsters and 8% of rats
formed tumors after instillation ofasbestos.
The chemical composition of one sample
was: K2Ti6O13 (19)-
Intraserosal Inoculation Studies
Inoculation experiments resulted in tu-
mors in several experiments (Table 8)
(16,21,22,38,42,43). In the studies of in-
trapleural inoculation, two experiments en-
tailed either a low-yield of tumor (9.7%)
(22) or no tumors (44) (Table 8). Only
data on fiber diameter are available, they
indicate a thinner diameter in the former
experiment (0.5-1 pm) than in the latter
(>2 pm). Stanton et al. (21), however, con-
cluded that the probability of tumor for-
mation was dependent on the.number of
fibers of characteristic size (above), an as-
sumption that is not invalidated by the
other results.
Smith reported high rates of tumors
(83%) (16) after intraperitoneal inocula-
tion of 25 mg, but Davis (38) found only
.9% tumors after inoculation of the same
dose. It is possible in these experiments to
compare the number of fibers inoculated
that were longer than 10 pm regardless of
the diameter; this was 3.6 x 10 in Smith
(16) and 0.72 x 108 in Davis (38) using
SEM determination. Therefore, different
tumor yields might result from different
doses ofrelevant fibers. Maltoni et al. (42)
found five tumors in a group of 40 rats
treated with 10 mg of fibrefrax but no tu-
mors after inoculation of 1 or 5 mg. In the
absence ofsufficient data on the number of
fibers per unit weight, it is difficult to es-
tablish whether the differences are due to
the number of "long" and "thin" fibers in-
jected or to other parameters.
Animal Experiments with
Glass Filaments
After intrapleural implantation glass fila-
ments (GFil) did not produce mesothe-
liomas (21). According to the authors, this
was related to the lack offibers of relevant
size, as discussed above with GW and
RCF. One paper by Pott (45) has not been
taken into consideration because it is a re-
view ofresults previously published by Pott
and others. Another paper reports data ob-
tained by Pott et al. (25) in which GFil
were injected intraperitoneally in rats as
was granular glass. Diameter of fibers was
high, in the order of4, 5, or 7 pm. No dif-
ference in the percentage of tumors was
found between treated and untreated ani-
mals (Table 3). Therefore, the results indi-
cate that the glass filament samples were
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Table 5. Experiments with rockwool in rats.
Route ofexposure Control RW Asbestos Reference
Inhalation None RWC Chrysotilec (1215)
Tumorsa (%) 0/47(0) 0/47(0) 9/47 (19)
Dose F/ml (mg/m3) 41(28) 167,938(15)
Cumulative dose x 10-5:
Total fibers 1.1 4,400
Sized fibers [10/anyib 0.66 216
Inhalation None RWd Chrysotiled (13)
Tumorsa (%) 0/48(0) 2/48(4) 12/48(25)
Dose, F/ml (mg/m3) 240 3,832
Cumulative dose x 10-5
Total fibers - 4.4 69.7
Sized fibers [10/0.2]b 0.09 1.7
Intrapleural (rats) Saline RW+ RW- Chrysotile (13)
Tumorsa(%) 0/24(0) 3M/48(6.2) 2M/48(4.2) 6M/48 (12.5)
Dose 0.5 ml 20 mg 20 mg 20 mg
Cumulative dosex 10-, 5.3 8.6
Sized fibers[5/any]b 1.6 2.6 196
[5/1lb - 0.6 1.4
Intraperitoneal (rats)
Tumorsa (%) 5/256(1.9) 125/349(35.8) 86/166(51.8) (24-27)
aNumberofanimals withtumors/total numberofanimals. b Number offibers[L>pm/0<pr]. cSize determined by opti-
cal microscopy. dSize determined byelectron microscopy. e+binder, -binder.
not carcinogenic. Doses injected were suffi-
cient to expect a carcinogenic effect but the
fiber size could explain the results. Indeed,
according to the data 50% of fibers had a
diameter >3.7 pm (ES.3), >5.5 pm (ES.5),
and >7.4 pm (ES.7). Ifone recalls the cor-
relation coefficients reported by Stanton et
al. (21), a positive correlation between can-
cer incidence and fiber size was found only
with fibers <1.5 pm in diameter.
In Vitro Experiments with
Man-Made Fibers
StudieswithInsulationWools
The in vitro cytotoxicity of GW and RW
have been assessed in an immortalized
human mesothelial cell line. Both fiber
types reduced the cell viability in a de-
scending order: thin RW, coarse GW,
milled RW, milled GWand coarse RW. In
general, the MMF samples were less toxic
than asbestos (46).
StudieswithGlssMicrofibers
Several in vitro studies have been per-
formed with JM fibers, mainly codes 100,
104, and 110. Different types oftests have
been used that investigated mainly cytotox-
icity, genotoxicity, and transformation.
Code 100 fibers, in comparison with glass
beads, were tested on macrophages to study
cytotoxicity and production ofsuperoxide
by the cells (47). Glass beads were found
to be less active than glass fibers in trigger-
ing cells to produce *°2 at comparable
weight concentrations.
Studieswith LongorShortandThick
orThinFibers
Two papers report investigations of the
genotoxicity of several types of fiber glass,
including code 100 and/or code 110 on
different cell types (48,49). Chromosomal
abnormalities were detected with JM 100
fibers but not with JM 110 on rodent cells
incubated with 10 pg/ml of fibers; no in-
crease in chromosome aberrations and
polyploidy were found in primary human
fibroblasts or lymphoblastoid lines.
According to the authors, the different re-
sponses observed between human and ro-
dent cells might be related to the less effi-
cient DNA repair ofrodent cells compared
to human cells. An additional explanation
might be connected with the number of
fibers ingested by the different cell types.
This parameter is not generally considered
in the interpretation of data because it is
very difficult to obtain.
It is generally reported that long fibers
are more toxic than short fibers. Tilkes and
Beck (50) studied the effect ofJM 104 and
JM 100, fine and ultrafine fractions pro-
duced by a colloid chemical method, on
growth and viability ofascite tumor cells. It
was observed that the toxicity ofboth frac-
tions was ofthe same range on a perweight
basis, but on a per number of fiber basis,
the longer fibers had greater toxicity. In ad-
dition, the ultrafine fraction ofJM 100 ex-
hibited a lower toxicity than its fine
counterpart on a per number of fibers
basis. A length- and dose-dependent cyto-
toxicity of the fibers was also found in a
lung rodent macrophages system (51).
Using the same samples of fibers, but an-
other test, detection ofsister chromatid ex-
changes (SCEs) in hamster peritoneal cells,
Fisher (52) also concluded that a given
number ofshort fiber fractions was less ef-
fective than the longer fiber fractions.
Two papers have also reported studies
performed withJM 100 andJM 110 fibers.
Brown et al. (53) tested the two samples, as
well as respirable fractions ofthese samples
using cytotoxicity, and genotoxicity assays.
Results were compared on the basis ofboth
weight and number of fibers. On a per
weight basis, the cytotoxicity ofJM 110
was nil or weak but selecting the respirable
fractions resulted in increased biological ac-
tivity. JM 100 fibers exhibited a greater cy-
totoxicity than code 110. However, the
number of fibers contained in a given
weight was not the same in the different
Table6.Summaryof intratracheal studieswith glass microfibers.
Animal Dose,
species Fibertype Fiberlength n times x mg Tumor rate % Reference
Hamster JM 104 - 1 x26 0/64 0 (32)
Hamster Crocidolite - 1 x26 0/64 0
Hamster JM 104 50% >7 pm 8 x 1 48/136 35 (33)
Hamster JM 104 50% >4.2pm 8 x 1 38/138 27
Hamster Crocidolite 50% >2.1pm 8 x 1 18/42 13
Hamster TiO2 - 8 x 1 2/135 1.5
Rat 104/475 - 20x0.5 5/34 15 (25)
Rat Crocidolite - 20 x0.5 15/35 43
Rat Saline - 20x0.3 ml 0/40 0
Rat JM 100 19% >1Opm 5x2 0/22 0 (16)
Rat Crocidolite 3% >10 pm 5 x 2 2/25 8
Rat Controls - - 0/150 0
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Table 7. Glass microfiber studies: lung burden afterend ofexposure.
Cumulative dose Lung burden/g
Fiber Exposurea offibersb drytissueweight Reference
JM100 1,436c 2.6x106 2.1 mg (13)e
Chr 3,832e 7.0 x101 0.4 mg
JM 100 14,023d 3.6 x 107 15.2 mg 2.9x 1010 F (12)e
Chr 167,938c 4.3x108 1.7mg 1.8x1010F
JM 100 3,000c 9.4x 106 - 1.9x 109F (16)e
Cr 3,000c 9.4 x106 - 3.9 x108 F
JM 104 576±473c 5.7x 105 - (3.1 ±1.6)x108F (29)f
252(>5 pm L) 2.5x 105 - 7.0 x 107 F(>5)
Cr 2,011 ±835c 2.0 x 106 - (5.6 ±2.7)x 108 F
162(>5 pm L) 1.6x 105 - 5.6x107F(>5)
aTotal fiber/ml. b(Fxml-lx hr). A multiplication factorof 1.4 x 104is necessary to convert into total number offibers in-
haled bya rat. cElectron microscopy F/ml. dOptical microscopy F/ml. eExposure: 24 months.fLung burden expressed per
lung; exposure: 12 months.
samples, and the conclusions changed
when the results were compared on the
basis of the number of fibers. Thus, it ap-
pears that a given number ofJM 100 fibers
is less toxic than the same number ofJM
1 0 fibers. When fibers >10 pm of length
were considered the same trend was found.
Hesterberg and Barrett (54) also tested
these samples in cytotoxicity and transfor-
mation assays on Syrian hamster embryo
cells (SHE). The authors reported that thin
fibers JM 100, diameter 0.13 pm) were
more cytotoxic and transformant than
thick fibers JM 110, diameter 0.8 pm) on
a per-weight basis. However, when cyto-
toxicity was determined according to the
number of fibers, JM 110 fibers were 40-
fold more cytotoxic than JM 100 fibers.
Thus, to compare results with several sam-
ples of MMF on in vitro cell systems, it is
important to consider both fiber weight
and fiber number.
The different toxicities and transform-
ing potencies ofJMOO versus JM 110 fibers
has also been shown by Mikalsen et al.
(55) using the SHE cell assay. On the basis
ofweight JM 100 was about 15 to 20 times
more toxic than JM 1 0, but the first sam-
ple contained about 60 times more total
fibers than the second.
StudieswithMilled and
UnmilledFibers
Several papers have indicated that fiber
milling results in a decrease ofthe fiber ac-
tivity on the in vitro cell systems. Ririe et
al. (56) reported that milling reduced the
cytotoxicity ofJM 100 fibers tested on rat
tracheal epithelial cells. Hesterberg and
Barrett (54), and Hesterberg et al. (57) re-
ported that milling ofJM 100 fiber glass
resulted in a reduction of the cytotoxicity,
genotoxicity and transformation of SHE
cells. In the former report, milling resulted
in a length decrease: from 9.5 to 1.7 pm or
16.0 to 0.95 pm (two separate experi-
ments) without changing the diameter
(0.13 vs 0.11 and 0.18 vs 0.19 pm). Since
the same amount of fiber was incubated
with the cells, it is evident that, on a per-
number basis, milled fibers were much less
toxic than unmilled fibers. The fibers were
dispersed with a polytron tissue grinder to
perform a good dispersion of the sample
before use. The reduced transforming po-
tency of milled versus unmilled JM 100
fibers is not due to a reduction ofthe num-
ber of fibers ingested by the cells, as
demonstrated by Hesterberg et al. (57).
The role of fiber size in the biological
response is emphasized by other studies
with asbestos fibers. Brown et al. (58)
found a good correlation between the
number offibers >6.5 pm oflength and the
survival of V79-4 cells. However, the au-
thors concluded that size was not the only
parameter accounting for the results and
that other parameters also were of impor-
tance (e.g., nature of the fiber). In a study
on the cytotoxicity ofseveral fiber types on
rat pleural mesothelial cells, we came to the
same conclusions (59). In another paper,
Brown et al. (60) demonstrated an associa-
tion between fiber length and biological ac-
tivity. The relationship showed increasing
strength ofassociation with increasing fiber
length. A significant association between
fiber diameter and activity was demon-
strated only with fibers >0.2 pm in the
A549 assay.
If dividing cells are damaged by fibers
due to the induction ofa chromosome mis-
segregation (61,62), it can be assumed
that, at the end of the mitotic process,
some cells are not viable because they lack
essential genetic material and thus die, ac-
counting for the observed toxicity.
Recently, it has been reported that within
cells, small fiber followed the saltatory
transport while long fibers did not (63).
According to this scheme, one can assume
that a long fiber will have a higher proba-
bility ofinteracting with the genetic mater-
ial. However, it is likely that other
characteristics, such as physicochemrical
properties, could modulate the interactions
between fibers and cell components.
Studieswith CeramicFibers
Ceramic fibers have been used in some in
vitro experiments (64-67). In vitro experi-
ments were designed to detect only cyto-
toxicity of the fibers. However, a good
correlation exists between in vivo and in
vitrofindings concerning the effect ofsize.
Brown et al. (60) have included a ce-
ramic sample in a study ofcorrelations be-
tween in vivo effects and in vitro asbestos
Table 8. Experiments with refractoryceramicfibers in rats and hamsters.
Route of exposure
(Animal) Control RCF Asbestos Reference
Inhalation (rats) * **
Tumorsa (%( 0/299 (0) 9/256 (3.5) ** 31/211 (14.7)** (11,16,32,39,42-44)
Tumorsa (%( 2/125(1.6) 64/500(12.8) 13/125(10.4) (4Lb
Inhalation (hamsters)
Tumorsa(%) 1/191 (0.52) 5/142(3.54 O/77(0) (11,16,38,39,42-)
Tumorsa (%) 0/102(0) 36/103 (35) 0/102(0) (40Lb
Intrapleural (rats) (21,22,44)
Tumorsac)%) 0/48(0) 3/7 (3.8) 51/116(44)
Intraperitoneal (rats) ** ** (16,386
Tumorsa (%) 2/291 (0.7) 72/276(26.1) 204/371 (55) (42,43)
aNumber of animals with tumors/total number of animals. bThe experiment was not achieved when the review was
completed. *(p<0.01)treated/untreated; **p<0.001)treated/untreated
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Table 9. Glasswool studies: lung burden after 24-month inhalation exposure.
Cumulative dose,8 Lung burden/
Fibertype Total fibers/ml Fibrous Nonfibrous gdrytissue Reference
Insulsafe II 100 3.12x 105 19.1 x105 28 x 106
BldgIns 100 3.12x105 118.6x105 1 x106F (16)
Owens Corning 25 0.78 x 105 24.2 x 105 0.6 x 106 F
Crocidolite 3,000 9.4 x 106 3.9 x 108F
GW 94b 2.4 x105 - 8.34x108F
Chrysotile 96,271c 4.34 x 108 - 1.77 x 1010 F (12,15)
GW+ resin 240C 4.4 x 105 - 0.0005 mg
GW - resin 323C 5.9 x 105 - 0.0002 mg (13)
Chrysotile 3,832C 0.7 x 108 - 0.0004 mg
MMVF 10 287 - - 4.16 x 108
MMVF 11 273 - 6.42 x 108 (16)
Chrysotile 102,000 - 189 x 108
a(F xml-i x hr). A multiplication factor of 1.4 x 104 is necessary to convert into total number of fibers inhaled by a rat.
bOptical F/ ml.CElectron microscopy F/ ml.
cytotoxicity; even though they found an as-
sociation between fiber length and cytotox-
icity, certain fibers such as the ceramic
sample showed disparate results, thus con-
firming that parameters other than fiber
length likely account for the biological re-
sponse. With the ceramic fiber type a
higher activity was obtained in vitro than
would have been expected from the in vivo
response.
Discussion
In general, studies with rodents show a very
low tumor yield after inhalation of MMF,
sometimes but not always contrasting with
asbestos results obtained in the control se-
ries. It is difficult to determine the exact
origin(s) of the differences between results
obtained with MMF and asbestos because
MMF and asbestos differed in fiber com-
position, fiber number and size distribu-
tion. Moreover, it is even difficult to
compare MMF of the same category be-
cause the chemistry of the MMF investi-
gated was seldom reported (14,19,30). In
addition, differences in the dusting proce-
dures and methods used to characterize the
fibers also made comparison between stud-
ies difficult . However, some conclusions
can be drawn and some results can be dis-
cussed.
Long-term inhalation is a realistic
method of experimental dusting since it is
similar to the situation encountered by hu-
mans. When all data obtained with MMF
in rodents were gathered and considered
independently in terms of technical condi-
tions, significant respiratory lung tumor
enhancement was found with GW in rats
and with RCF, in both rats and hamsters,
suggesting a carcinogenic potential at least
for fibers submitted to the analysis.
Inhalation data show both tissue specificity
and species specificity:
RCF exposure resulted in respiratory
tumors; rats had a lower rate of mesothe-
lioma (10.4%) than lung cancer (89.6%).
Hamsters, however, had a higher rate of
mesotheliomas (97.6%) than lung tumors
(2.4%). Differences might be due to
species and tissue specificities. It can be
suggested that the differences in the type of
tumor are related to differences in fiber mi-
gration in rats compared to hamsters allow-
ing a better translocation of RCF toward
pleura in hamsters. Alternatively, the fact
that hamsters produce more asbestos bod-
ies than rats [(16); TW Hesterberg, per-
sonal communication] may account for the
low lung carcinogenicity ofinhaled RCF in
this rodent species. However, data obtained
with asbestos show that hamsters only de-
velop lung tumors after intratracheal instil-
lation (16); therefore the predominance of
mesotheliomas following inhalation of
RCF does not imply that hamster cannot
develop lung tumor. It remains to be
demonstrated whether the differences in
tumor location are dependent on the fiber
type and/or the route ofexposure.
In rats, RCF produced fewer tumors
than asbestos (Table 2). In contrast, RCF
produced more tumors than asbestos in
hamsters, since no tumors were found in a
total of 179 hamsters treated with
chrysotile, amosite, or crocidolite in inde-
pendent studies (11,16,40). This might be
due to a species specificity as well as to a
fiber specificity.
Positive asbestos controls produced sig-
nificant enhancement oftumor yield in rats
in all group ofstudies except those involv-
ing SW (Table 3). The positive controls
were included in a total of 10 experiments
(11-13,15,16,18,28,29,38-41) and a total
of 480 rats were exposed to chrysotile
(12,13,15,18,28,29,38-40), 108 to croci-
dolite (16,38), and 16 to amosite (11). Sig-
nificant increase in tumor yield was
observed in seven ofeight studies in which
chrysotile was used and one of two studies
in which crocidolite was used. The type of
tumor was not always given but only one
mesothelioma has been reported following
treatment with chrysotile (18) and one
with crocidolite (16). An overall 14.9% of
tumors was found in rats exposed to as-
bestos, in contrast with 1.9% (15/777) in
unexposed or sham-exposed rats. There-
fore, the hypothesis of a carcinogenic po-
tential of asbestos, both crocidolite and
chrysotile, was consistent with data ob-
tained in inhalation studies.
The fact that SW, RW, and GMF do
not produce significant tumor enhance-
ment by inhalation may be related to sev-
eral issues such as fiber size and number, as
well as fiber type.
One ofthe differences between asbestos
and MMF is the diameter. Fibers too thick
to be deposited in the rodent respiratory
airways were sometimes used, as summa-
rized on Table 1. To be relevant, inhala-
tion requires the use ofrespirable particles.
The size, especially diameter, of the parti-
cles convenient for rodents is smaller than
that ofsignificance for human exposure. It
is generally admitted that the maximal size
to use with rodents is 2pim ofaerodynamic
equivalent diameter.
If the total number of fibers to which
animals are exposed is taken into consider-
ation, it can be argued that this number is
lower with MMF than with asbestos. This
does not imply that the number of fibers
available to be deposited in the lung was
similarly lower but it does suggest that
more asbestos fibers may have been de-
posited in the lung in comparison with
MMF. However, it does not seem possible
to increase the MMF concentration to
which animals were exposed since exposure
was probably at the maximum tolerated
dose. Short- and long-term studies and de-
termination of lung burden could give in-
formation on the proportion of deposited
versus inhaled fibers. The differences ofex-
perimental design between experiments re-
flect the evolution of knowledge in studies
of the toxic effects and mechanistic action
offibers.
So far, lung burden determined after 24
months of exposure in three experiments
(12,16,18) indicated a greater number of
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asbestos fibers in the lung than of GW
(Table 9). However this result is not ob-
served with all MMF; in GMF experi-
ments, in spite of the lower GMF fiber
concentration in the aerosol and in spite of
a higher cumulative dose, the lung burden
may be lower than that of asbestos (Table
7). The lung burden has been studied in
several experiments; Smith et al. (16)
found that fiber recovery in rats was 3 to
about 400 times lower with MMF than
with crocidolite, except for JM 100. In the
same way, the number ofMMF except JM
100 recovered in the lungs ofhamsters was
about 10 to 104 less than in crocidolite. In
one study with GW (12) the cumulative
dose of respirable chrysotile fibers was 4.3
x 108 against 2.4 x 105 with GW (Table
9). It resulted a higher lung burden in
chrysotile-exposed animals, and a tumor
yield of9 versus 1 of45 rats in each group.
Because ofthe low number oftumors, it is
not possible to conclude to a greater poten-
tial of ore fiber type in comparison with
the other; a larger number of rats would
have been necessary to produce statistical
differences. Several data have been reported
concerning lung burden after exposure to
GMF (Table 7). Le Bouffant et al. (12) re-
ported that the cumulative dose ofJM 100
was lower than that of chrysotile but the
count was made using optical rather than
electronic analysis; exposure resulted in a
greater amount ofJM 100 in the lung than
ofchrysotile. It is possible that the different
method offiber determination may, at least
partially, explain the discrepancies. The cu-
mulative dose of sized [10/any] fibers was
approximately the same: 190 x 105 and
210 x 105. Since the fiber diameter ofJM
100 was small (43% <0.1 pm), it is likely
that the JM 100 fibers could be deposited
in the respiratory airways; therefore the re-
sults would suggest a better retention ofJM
100 or a fragmentation. However, we do
not always know the confidence level ofthe
lung burden measurement so the differ-
ences reported in this experiment between
JM 100 and asbestos may be not signifi-
cant. Moreover, the number of fibers re-
tained after 24 months may have poor
significance in terms of number of fibers
related to the biological effects, because the
important damage caused by the fibers may
occur at the time ofdeposition and interac-
tion with respiratory cells. Recent data on
stimulation ofmesothelial cells shortly after
exposure to asbestos may argue for a short-
term effect [TW Hesterberg, personal com-
munication; (68)]. Finally, JM 100 did not
produce tumors, in contrast with chrysotile
(nine tumors), possibly due to a lower po-
tential of JM 100 in comparison with
chrysotile. Similarly Smith et al. (16) ob-
served that higher fiber recovery in JM
100-treated rats in comparison with croci-
dolite-treated rats was not associated with
higher tumor yield since no tumors were
detected following exposure to JM 100;
three tumors including one mesothelioma,
were found in rats treated with crocidolite.
Even if the number of tumors observed
with JM 100 fibers is not significant in
comparison with untreated controls, these
results should be given attention.
MUhle et al. (29) have exposed rats to
JM104 and crocidolite (Table 7); the total
number of crocidolite fibers to which ani-
mals were exposed was higher than that of
JM104 but the cumulative dose of sized
fibers was not highly different if we con-
sider that crocidolite fibers were less than
0.42 prm in diameter. The calculation gives
3 x 105 fibers ofJM104 [4.8/0.42]; (50%
of total fibers) and 2 x 105 [4.5/any] for
crocidolite (10% oftotal fibers); it resulted
approximately the same number of fibers
recovered. Low yield of tumors (1 tumor)
was found in both cases, giving rates of
0.9% and 2%, respectively, suggesting
comparable carcinogenic potency in these
experimental conditions.
Intratracheal instillations resulted
mostly in significant tumor enhancement
with asbestos as well as with GMF in rats
and hamsters. When tumors occurred they
generally followed multiple instillations
(Table 6). It has been found that instilla-
tion ofa great number offibers is not con-
venient because of the clumping of fibers;
small doses have to be inoculated to permit
a better distribution ofthe fibers in the res-
piratory airways. The absence of effect re-
ported with GF (10,14) (Table 3) does not
seem due to this parameter since several in-
oculations have been made but might be
related to the dose, to the short survival
time, or to the nature of the fibers.
Intratracheal instillations of crocidolite re-
sulted in 8% oftumors in rats and 74% in
hamsters (16).
Recently, it has been suggested that the
intrapleural route is a good approach to the
human risk of mesothelioma (69). By in-
trapleural inoculation, it has been con-
cluded that the probability of tumor
formation was dependent on fiber size,
based on results obtained with MMF and
asbestos (21); this assumption was con-
firmed recently (35,36,71). Asbestos used
as positive control entailed a globally sig-
nificant tumor enhancement, except in SW
and RW studies (13). However, although
mesotheliomas were found in 12.5% ofrats
inoculated with asbestos, the lack of statis-
tical significance is due to the small num-
ber of animals. The results obtained with
SW and RW do not negate the results by
Stanton (20,21), since the number of size
relevant fibers, either SW or RW, was at
least 30 [5/any] to 50 [5/1] times lower
than that ofasbestos (Tables 4 and 5).
When individual experiments are con-
sidered, the results obtained with MMF as
well as with control fibers indicate that in-
trapleural inoculation produces a higher
tumor yield than the inhalation procedure,
but the overall results are close to those ob-
tained by inhalation in terms of signifi-
cance (Table 3). The differences likely
result from lower number ofanimals inves-
tigated by intrapleural inoculation. The
rate of spontaneous pleural tumors should
be 0.3% to 0.8% according to Ilgren (72).
These data were obtained from a database
gathering large series ofseveral hundreds of
animals where the percentage of pleural
mesotheliomas did not exceed 0.4% (EB
Ilgren, personal communication). In the
experiments depicted here, the background
of pleural mesotheliomas is very low, even
after intrapleural inoculation. No mesothe-
liomas were found in untreated or sham-
treated rats (104 animals) but 3 were found
(0.5%) ifthe study ofStanton et al. (21) is
taken into consideration (592 rats studied).
However, in this experiment, tumors were
defined as pleural sarcomas and the method
used to apply fibers was different since
fibers dispersed in hardened gelatin were
implanted by thoracotomy. Therefore, the
probability ofobserving a pleural tumor by
intrapleural inoculation in a small group of
rats is negligible and the occurrence ofone
mesothelioma in a group oftreated animals
suggests the need for complementary stud-
ies.
Intraperitoneal inoculation of fibers re-
sulted in significant enhancement of tu-
mors with GW, RW, GMF and RCF (but
not with SW and GFil). Intraperitoneal in-
oculation gave the highest incidence of tu-
mors among the methods used to
determine the carcinogenic potency of
fibers. Fibrefrax, one ofthe RCFs tested by
means of three routes of administration
was much more carcinogenic in rats by the
intraperitoneal route than by the other
methods, since 70% of tumors were pro-
duced in rats after inoculation of 5 x 9 mg
offibers (43) and 83% with 25 mg, or 4.2
X108 total fibers (16). These Fibrefrax
fibers did not produce tumors by intratra-
cheal instillation of 5 x 2 mg (16), nor
after inhalation ofa cumulative dose of6.2
x 105 fibers.
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Results obtained in rats with RW from
Sweden as well as with JM 100 expressed
the same trend. Two adenomas (4.2%)
were detected after inhalation of RW (13)
while 45 tumors (71.4%) arose after in-
traperitoneal inoculation of 75 mg, and 6
(13.3%) were observed with 10 mg of a
finer sample (25). No tumors (12,15,16)
and 1 adenocarcinoma occurred after in-
halation ofJM 100 (13) in comparison
with 32% (16), and about 40% following
intraperitoneal inoculation (25). However,
the results from the various studies remain
difficult to compare because of the differ-
ent characteristics of fibers used in inhala-
tion versus intraperitoneal experiments but
similar results have been previously ob-
tained with other fiber types, tremolite and
brucite. These particles induced 93 and
96% ofmesotheliomas after intraperitoneal
injection and about 51 and 13% oftumors
by inhalation (73).
The reasons for this higher response by
the intraperitoneal route are not well de-
fined. However, it seems likely that the
high number offibers deposited in a short
period oftime (lasting for one to several in-
oculations) at the surface of the peri-
toneum partly accounts for the higher yield
of tumors arising by this route ofadminis-
tration. Ifthe number offibers injected can
be more than 103 higher than the cumula-
tive number of fibers given by inhalation,
the total number offibers given to a rat by
inhalation is about 1. 4 x 10 greater than
the cumulative dose*; thus, rats would have
inhaled more fibers than they have received
intraperitoneally. However, the final result
is that more fibers have been given in-
traperitoneally because the deposition rate
by inhalation does not exceed a few per
cent of the particles to which the rat has
been exposed.
According to the papers by Pott and co-
workers, which have been summarized re-
cently (27,34,37), carcinogenic potential is
dependent on the number offibers >5 pm
in length and <2 pm in diameter and on
the durability of these fibers. As for in-
trapleural method, the effect of size might
be related to the translocation of the small
particles toward other sites rendering them
unavailable to exert an effect, as well as to
*The cumulative dose is expressed as F/ml x hr. To
obtain the total amount of fibers possibly inhaled, it
should be necessary to multiply by the total volume
of air inhaled by a rat for the duration of the experi-
ment; this factor is approximately 1.4 x 104. This
number was calculated using the hypothesis that a
rat inhales 8 ml of air per kg and breathes 60 times
per minute. Only a small percentage of the total
amount will be deposited in the rat lung.
the intrinsic potential of long and thin
fibers. Goodglick and Kane (74) have re-
ported that preventing the clearance of
short fibers resulted in cytotoxicity in mice
inoculated intraperitoneally. The results of
several experiments have been reported
where fibers were treated in such away that
their size was modified. Fractioning of
rockwool (Sweden) resulted in a decrease in
the tumor rate, a response attributed to a
reduction ofthe fiber size; both length and
diameter were reduced by the preparation
method (25). However, these experiments,
are difficult to compare because 75 mg of
the long fibers were injected (71.4 % oftu-
mors) while 10 mg of the shorter fibers
were injected and resulted in 13.3% oftu-
mors. A dose-response for glass fibers has
been suggested in other studies (34).
The importance of fiber durability in
terms ofchemical stability on the incidence
ofperitoneal tumors has not been well doc-
umented. The concept of durability is
complex, including the notions of epura-
tion, migration and chemical stability.
According to Pott et al. (34) the carcino-
genic potency is related to the fiber dura-
bility but it is not clear whether this term
refers to half-life ofthe fibers, solubility, or
combination of both parameters; nor are
described the methods to assess these para-
meters.
Production ofoxygen derivatives by the
surface active iron is another possibility to
account for carcinogenicity of some fiber
types. In this context, the carcinogenic po-
tency of iron at the MMF surface is lower
than that ofasbestos (75).
A major difference between intraperi-
toneal and intrapleural methods concerns
the rate oftumors in untreated or in saline-
treated animals. By intrapleural inocula-
tion, this rate was zero in control series
belonging to experiments that assessed
MMF carcinogenic potency; some sarco-
mas were formed following the implanta-
tion procedure of Stanton et al. (21). A
maximal rate of 6% was observed by Pott
et al. (25) in a series of 15 experiments in-
volving intraperitoneal inoculation of
MMF. The mean tumor rate was 2.5%
(204 rats observed) and the tumors in-
cluded sarcomas (3/5), mesotheliomas
(1/5), and carcinomas (1/5). This level is in
agreement with a previous paper in which
the incidence of spontaneous mesothe-
liomas in rats was 0. 9-1. 7% in a series of
several hundred animals (70). According to
Pott's findings, a tumor rate of 15% is not
significant if 109 fibers >5pm in length
have been injected (37). Tumors other
than mesothelioma were observed and the
diagnosis after intraperitoneal injection of
particles indicated that sarcomas were
found most often while few carcinomas
were found least often.
To summarize, the results obtained
with insulation wools are difficult to inter-
pret in terms of carcinogenic and fibro-
genic risk, because of the great differences
between fiber characteristics, even within a
given group of fibers and between experi-
ments. However, several studies have
shown a significant increase in tumor inci-
dence following intraperitoneal administra-
tion ofGW, RW and GF. The absence of
effect of SW and GFil may be related to
fiber dimensions; the few studies carried
out with these fiber types do not allow us
to make conclusions. So far, it seems that
the length and thickness of fibers play a
role in tumor formation with all routes of
administration, with a greater carcinogenic
potential for long and thin fibers. This is
observed with different fibers but it is not
possible to determine the comparative po-
tential of the different fibers. No clear-cut
conclusion can be made on the relevance of
the concept of durability; further experi-
ments are necessary to determine the effects
of the various parameters, including,
among others, biopersistence, oxidants pro-
duction, surface area, solid rod or fibrillar
structure in the pathological processes.
In inhalation studies, significant effects
have been found with GW, RCF, and as-
bestos, but only RCF produced significant
tumor yield, as did asbestos in some indi-
vidual studies. One might ask if it is rele-
vant to compare asbestos to other fibers.
To compare the hazard of man-made ver-
sus natural fibers, it would be necessary to
know ifthe number ofairborne fibers pro-
duced under occupational conditions gen-
erate different levels ofairborne fibers.
In vitro experiments are very useful to
study the mechanisms of action of the
fibers. The results obtained with in vitro
systems have emphasized the fiber charac-
teristics identified in vivo as playing a role
in carcinogenic potency, indicating that
these tests are useful to study the effects of
particles and could be used on a larger
scale. A number of cell systems are
presently available (including macrophages,
tracheal cells, mesothelial cells, epithelial
cells, for example), and additional studies
should be encouraged to study the response
*of in vitro assays to other fiber parameters
suggested as possibly relevant to the toxic
potency.
Some experiments may be suggested to
fill in gaps in our knowledge on the effects
of MMF on biological systems. Fibers of
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well controlled and similar sizes but ofdif-
ferent solubility could be inoculated in dif-
ferent species to determine the role of the
fiber solubility in the biological response.
For problems arising from inhalation,
only thin fibers should be investigated, i.e.,
of a diameter allowing their deposition in
the lungs. In inhalation experiments, the
dimension will depend on the animal
species tested. Thus, continuous filaments
do not seem to be of major concern be-.
cause of their diameter. However, some of
them could penetrate the upper airway;
thus some studies might investigate interac-
tions between epithelial cells (e.g., nasal
cells) and fibers.
Long-term experiments with insula-
tion wools ofa given size but ofdifferent
solubilities should be tested by inhalation
in several species. Indeed, only one
species has been generally tested, except
with some RCF samples. A correlation
should be made between pathogenicity in
one hand and solubility and lung burden
in the other. However, these experiments
would need a very large number of ani-
mals to show statistical differences be-
tween results obtained with different
fibers since only a small percent of ani-
mals with pathological changes can be
expected.
Concerning refractory fibers, only
ceramic fibers have been tested on a large
scale. Refractory ceramic fibers may be
more useful than insulation wools to
study the correlation between patho-
genicity and lung burden, solubility and
other fiber parameters since the tumor
yield is generally greater than that ob-
tained with insulation wools; this would
allow the use of smaller groups of ani-
mals.
Finally, the correspondence between
hazard to humans and risk evaluated in
animals has to be studied because the en-
hancement ofexposure dose, the fiber se-
lection etc. that are necessary to detect a
pathogenic effect in animals create spe-
cific conditions that have to be compared
to the human situation. Moreover, the
samples should be tested in cell systems
in vitro to provide data allowing compar-
ison between in vitro and in vivo results
and the greater use ofalternative tests.
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